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ABSTRACT 
BIO INSPIRED LIGHTWEIGHT COMPOSITE MATERIAL DESIGN FOR 3D 
PRINTING 
KAUSHIK THIYGARAJAN 
2017 
      
Lightweight material design is an indispensable subject in product design. The 
lightweight material design has high strength to weight ratio which becomes a huge 
attraction and an area of exploration for the researchers as its application is wide and 
increasing even in every day-to-day product.  
Lightweight composite material design is achieved by selection of the cellular 
structure and its optimization. Cellular structure is used as it has wide multifunctional 
properties in addition to the lightweight characteristics.  Applications of light weight 
cellular structures are wide and is witnessed in all industries from aerospace to 
automotive, construction to product design.  
 In this thesis, the one-step and two-step approaches for design and prediction of 
cellular structure's performance are presented for developing lightweight cellular 
composites reinforced by discontinuous fibers. The topology designs of a 2D honeycomb 
hexagon model, a 2D cuttlefish model, and a 3D octahedron model, inspired by bio 
material, are presented. Computer modeling based on finite element analysis was 
conducted on the periodic representative volume elements identified from the cellular 
structural models to characterize the designed cellular composites performance and 
properties. Additive manufacturing technique (3D printing) was used for prototyping the 
design, and experimental tests were carried out for validating the design methodology. 
1 
INTRODUCTION 
The twenty first century is witnessing the most powerful technologies ever 
thought of. One such technology is Carbon Fiber Reinforced Plastic (CFRP) composite 
materials. CFRP materials are unique and is widely recognized for its g strength to 
weight ratio, very low coefficient of thermal expansion and few other properties like high 
resistance to chemical, biological changes [1]. Light weight quality of CFRP resulted in 
wide variety of applications in Transport, Construction, and Military to Sports Industry. 
In Boeing 787 50% use of CFRP has resulted in 20% weight saving in comparison to 
conventional aluminum design [2]. The below picture show the percentage distribution of 
materials used in Boeing aircraft. 
 
 
 
 
Figure 1. Percentage distribution of material used in Boeing 787. 
2 
Other technology is Additive Manufacturing process (AM) under Rapid 
Prototyping (RP). AM process harvests the full-fledged Computer and Mechanical 
Technology. 3D printing has now become a sustainable source for the efficient and 
flexible manufacturing for both prototype and mass manufacturing. 3D process can 
materials ranging from polymer, metals, ceramics, and composites. Composites are used 
in RP not only to make desired product but also to facilitate the process [3]. The peek 
application is it witnessed in the automotive industry where the CFRP material is used 
with AM process. Complex geometry components and assemblies can be manufactured 
with cellular meso-structure as single component or as an assembly which is impossible 
with traditional subtractive machining. Processing technologies are rapidly advancing 
and manufacturers now have the ability to control material architecture, or topology, at 
unprecedented length scales. This expands the design space and provides exciting 
opportunities for tailoring material properties through design of the material's topology. 
Using a 3D additive manufacturing (AM) technology to fabricate test samples to verify 
computational model is a new idea, especially for printing composite materials with stiff 
fillers (e.g. continuous or 
discontinuous carbon fibers, tiny silicon carbide “whiskers”, carbon nanotubes, or 
graphene) within a soft matrix (polymer) [4-7]. Of particular significance is the way that 
fibers can be aligned, through control of the fiber aspect ratio (the length relative to the 
diameter) 
and the nozzle diameter. This marks an important step forward in designing engineering 
materials. On such example is local motors has already exhibited the prototype model of 
the 3D printed CFRP car as seen in below figure [8].  
3 
 
Motivation 
 
Structures that we see in nature has evolved over several years such that it 
becomes strong and adaptive to given environment. This practical approach of referring 
from nature results us with a good start platform where we have a durable and reliable 
design which we can use an exoskeleton and tailor better properties and functionalities 
for our application.  Nature inspired architecture is becoming more famous and excellent 
way to sort the sustainable structures. Designers can design the products like chair with 
all new creative possibilities as shown in below figure,   
 
Figure 2. Local Motors 3D printed car with CFRP material. 
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Scientists are fascinated to observe and study the cellular structures of bio 
materials for past few decades. Cellular materials offer high strength-to-weight ratio, high 
stiffness, high permeability, excellent impact-absorption, and thermal and acoustic 
insulation [10]. Lightweight cellular composites, composed of an interconnected network 
of solid struts that form the edges or face of cells [10], are an emerging class of high 
performance structural materials that may find potential application in high stiffness 
sandwich panels, energy absorbers, catalyst support, vibration damping, and insulation 
[11-17]. Cellular composites provide advantage of having a porous structure design and 
ability to alter our own property as a composite. Cellular composites are of significant 
interest due to their wide applications in lightweight structural components and thermal 
structural materials, and have the potential to revolutionize aerospace systems and 
capability [18]. The conventional way of CFRP manufacturing is tedious in comparison 
to the 3D printing. Also, the 3D printing allows the composite product to have a new 
 
Figure 3. Honeycomb Light Weight Seating Structure [9]. 
5 
degree of freedom that conventional way of composite manufacturing lack. Today the 
need for having a light weight high strength material is increasing in exponential manner. 
The carbon fiber reinforcement will reduce the weight up to 50 percent lighter that steel 
[19]. The light weight property is helpful for the dynamic components like motors, shafts, 
turbine blades, automobiles, etc. In these key industries, a lot of fuel can be saved as 
lighter weight is needed to propel. Also, lightweight materials are gaining a lot of 
attention in sports, construction industry since fixing and moving these components are 
easier to conventional metal alloy structures. 
Nature has a lot of light weight structural designs like human bone, cuttlefish 
bone, bamboo, and wood, silk and honeycomb, etc. The below table list few of the 
material properties of natural fibers, synthetic fibers, polymers that are widely used in 
composite material industry with conventional metals. 
Table 2. Mechanical Properties of Structural Materials and Fibers [1]. 
Materials 
Ultimate  
Tensile 
Stress σ (MPa) 
Young's 
Modulus 
E (GPa) 
Density 
ρ 
(g/cm3) 
Maximum 
Specific 
Strength 
Kσ x 103 (m) 
Maximum 
Specific 
Modulus 
KE x 103 (m) 
  
Natural Fibers 
Wood 160 23 1.5 24.5 1564.6 
Bamboo 550 36 0.8 44.9 4591.8 
Cuttlefish 
Bone  
0.40-0.52 
(Compressive) 
[20] 
4.4-8.0 
0.67 
[21] 
0.036 1218.4 
Cancellous 
Bone [9] 
1.5-9.3 
(Compressive) 
& 1.5-28 (Tensile) 
0.01-1.57 1.0-1.4 0.9 160.2 
Cortical 
Bone [22] 
Transverse 
35 (Tensile) &  
160 (Compressive) 
5 to 23 1.8-2.0 51.9 4.2 
6 
Longitudinal 
240 (Compressive) 
&  
283 (Tensile) 
Jute  580 22 1.5 88.7 1496.6 
Cotton 540 28 1.5 82.6 1904.8 
Wool 170 5.9 1.32 22.9 456.1 
Natural silk 400 13 1.35 55.0 982.6 
Spider silk 1750 12.7 1.097 195.7 1181.3 
  
Fibers for advanced composites (diameter, micro-meter) 
Glass (3-9) 3100-5000 72-95 2.4-2.6 1325.2 3728.4 
            Carbon (5-11) 
High 
Strength 
7000 300 1.75 1248.7 17492.7 
High 
Modulus 
2700 850 1.78 489.9 48727.4 
Boron (100-
200) 
2500-3700 390-420 2.5-2.6 980.6 16483.5 
  
Thermoplastic Polymers 
Polyester 
(PC) 
60 2.5 1.32 4.6 193.3 
Polysulfone 
(PSU) 
70 2.7 1.24 5.8 222.2 
Polyamide-
imide (PAI) 
90-190 2.8-4.4 1.42 13.7 316.2 
Polyetheret
herketone 
(PEEK) 
90-100 3.1-3.8 1.3 7.8 298.3 
Polylactic 
Acid (PLA) 
[23] 
53 3.5 1.25 8.2 285.7 
  
Thermoset Polymers 
Epoxy 60-90 2.4-4.2 1.2-1.3 7.1 329.7 
Polyester 30-70 2.8-3.8 1.2-1.35 5.3 287.2 
  
Structural Materials - Metal Alloys 
Steel 400 -2200 180-210 7.8-7.85 28.8 2747.3 
Aluminum 140-700 69-72 2.7-2.85 26.5 2721.1 
Titanium 420-1200 110 4.5 27.2 2494.3 
  
7 
Structural Materials - Meatal wires (diameter, micro-meter) 
Steel (20-
1500) 
1500-4400 180-200 7.8-7.85 57.6 2616.4 
Aluminum 
(150) 
290 69 2.7-2.85 11.0 2607.7 
Titanium 
(100-800) 
1400-1500 120 4.5 34.0 2721.1 
From the Table 1 we are introduced to the new property terms Maximum specific 
strength and Maximum specific modulus. Maximum specific strength defines the length 
up-to which the material can carry its own weight or in simple terms strength to weight 
ratio. Similarly, Maximum specific modulus defines a material’s stiffness with respect to 
its density. 
,  =
	


                              ,  =   

 
           
′ , E =
σ
ᵋ
                       , " =   
E
ρ 
     
From the above table, we could see that the carbon fiber has very high maximum 
specific strength than the conventional structural materials. Hence a combination of 
carbon fiber in cellular structures will lead us to improve functionalities to our products. 
Such innovative designs become complex and unconventional and it is real challenge for 
traditional subtractive manufacturing process to realize these designs. And AM 
techniques due to their unique additive nature becomes the best method to realize these 
designs with highest level of details. These key subjects are taken as the motivation for 
this research and to achieve an optimized cellular structure design for a lightweight high 
strength material. 
 
 
8 
Literature Review 
 
To meet the lightweight deign application requirements, various design methods 
are adopted to generate topology of the highly porous composites, such as continuing 
improved material bounds approach for multiphase, multi-dimensional, 
isotropic/anisotropic and periodic/nonperiodic composites with different physical 
properties, topology optimization approach to material design which is frequently 
performed within a finite element framework and typically involves large number s of 
design variables, homogenization or inverse homogenization approach in the design of 
microstructural materials which has permitted an increased level of design capability and 
understanding of underlying material mechanisms, just name a few [24].  
Cellular composites reinforced by discontinuous fibers (DiFs) are of particular 
interest as they offer great flexibility in tailoring specific physical properties by 
controlling the compositions, and/or microstructures of the constituent phases, and the 
fiber orientations. Periodic cellular composites consist of many identical base cells or 
representative volume elements (RVEs); manipulating the phase distributions and fiber 
orientation in these base cells provide an effective approach to the design of 
multifunctional composites. However, conventional design methods based on trial-and-
error have been found cumbersome and time consuming. An effective approach to design 
cellular periodic composites reinforced by DiFs is to adopt the ideas behind biomimetics, 
which can encompass the essential aspects in materials design, system engineering, and 
even business models [24-44]. 
In this work, an approach involving homogenization, optimization, and validation 
of an efficient design of macro-/microcellular structural composites for additive 
9 
manufacturing (3D printing) will be presented for developing ultra-lightweight and high-
strength cellular composites reinforced by DiFs. The topologies of the cellular 
composites will be designed based on the periodic RVEs and inspired by biomimetics. 
Computer modeling will be conducted to characterize the performance and properties of 
the designed cellular structural composites, taking into account the materials' 
density/porosity. 3D printing techniques will be adopted  
As the composite material design is inspired from nature, a closer observation of 
the microstructure will be helpful in understanding the material distribution. From nature, 
we should be learning how architecture, interfaces, and other key features, can be adapted 
to the engineering world for structural design and mechanical aspect of view [45].  The 
nature perspective is important as these structures have survived and evolved over the 
years to be a successful specimen. Thereby we come with a design which can have a long 
durability and good mechanical tolerance. The microstructure of human bone, bamboo, 
wood, cuttlefish bone, silk, honeycomb and vulture wing are listed below figures.  
 
Figure 4. Hierarchical structure of bone (a) and bamboo (b) [46]. 
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Figure 5. 3D anatomy for loblolly pine (a) [47] 
 
Figure 6. SEM images displaying morphological variations for two different samples of: (a) 
Cuttlebone 1 and (b) Cuttlebone 2 [48] 
11 
 
 
 
Figure 7. Skin–core, fibril bundle structure of spider silk. (a) Schematic of the multi-fibril core of 
dragline silk that constitutes a spider web, on the order of micrometers [49] 
 
Figure 8. Bee’s honeycomb [50] 
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Figure 9. Bee’s honeycomb [51] 
 
Figure 10. Italian honeybee (Apis mellifera Ligustica) comb cell at (a) ‘birth’, and at (b) 2-days 
old, scale bar is 2 mm [50] 
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The above figure shows a bone structure of a vulture wing. It is a combination of 
two strengthening and lightening mechanisms: that of the lightweight cellular bone 
structure (which, in fact, may be hollow); and this is combined with the geometrical truss 
sections that are frequently utilized in the design of bridges. In the vulture's case, the 
wing trusses also protrude into three dimensions, rather than the two-dimensional 
structures that are commonly designed for 
bridges [45]. From the above list of figure 4 to 11, listed are the nature’s own cellular 
structures. The above cellular structures are very strong in either the tensile or 
compression and very light in weight. Few of the above structures have fiber 
reinforcement to enhance strength properties. A closer observation to these cellular 
structures reveal that they are symmetrical in two dimension. Say if x and y are 
symmetrical the z direction will be just an extruded section of the cross section. The 
simple reason why bio materials are two-dimensional symmetry is because of the fact 
that these structures have living mater in and around them has to be facilitated with 
proper channels of nutrition and supplies that sustains the life in it and the third non-
symmetrical direction servers this purpose where the nerves, blood vessels, roots, etc. can 
grow, feed and communicate with the cells and living matter.   
 
Figure 11. Section of bone structure from a vulture wing [45] 
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On the other hand, the understanding the behavior of DiFs are extremely vital as our 
design foundation starts with DiFs material characterization.  DiFs are delicate and their 
performance is enormously based on the below attributes, 
• Orientation &.  
• Aspect Ratio of DiFs 
• Interaction between DiFs 
These attributes lead to the complex situation and the experimental measurement will 
give us a clear property measurement but it is extremely ineffective as it expensive. So, 
finite element approach is used do the property prediction. method to characterize the 
effective mechanical properties of composites. Owing to the time-consuming and costly 
testing of experiments, however, the analytical or numerical prediction on the mechanical 
properties of composites is considered as an alternative, or at least a complement to the 
experimental measurement. Therefore, we firstly would like to use the approach: the 
direct finite element (FE) computation of the boundary-value problem (BVP) at a 
representative volume element (RVE) of composites (entitled RVE based FE method). 
However, the RVE based FE method becomes extremely expensive if one or more of the 
following conditions are met: (1) material or geometric non-linearity; (2) complex micro-
structures (e.g., RVEs containing a large amount of fibers with the different 
orientations)[52]. Our DiFs falls in these categories and this complexity causes the 
increased computational power requirement and tedious time taking process to solve the 
problem. Theoretically, under a simple shear force most of the DiFs try to arrange 
themselves in the following direction of the polymer [53]. But this is highly influenced 
by the aspect ratio and percentage of volume by which the DiFs are used for the 
15 
reinforcement of the polymer and the velocity at which the polymer flows. Due to this 
many simplifying process are created by researchers such that the orientation of the fibers 
are accounted . One such simplification is by creating a two-step homogenization 
procedure shown in below figure 12. 
 
In first step homogenization RVE is broken into bunch of pseudo-grain  and each 
of them is considered individually , and in second step homogenization of all pseudo-
grains (‘aggregate’) is considered over the RVE. In first step the M–T (Mori–Tanaka) and 
D-I (interpolative double inclusion) models for each two-phase pseudo-grain are 
considered and the best resulting from that the M–T and D-I models provide the best 
mean-field predictions on the effective stiffness of each pseudograin, and the Voigt and 
Reuss models for the ‘aggregate’ in the second-step homogenization procedure resulting 
Figure 12. Two-step mean-field homogenization procedure: The RVE is decomposed into a 
set of pseudo-grains, each of which is then individually homogenized (first-step). Finally, the 
second homogenization is performed over all the pseudo-grains (second-step)[52] 
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from that the Voigt and Reuss models ensure physically acceptable results and the 
symmetric effective stiffness tensors. 
Few other researchers try to find the fiber angle using image processing, from non-
destructive testing using digital microscopy from a sample specimen [54] shown in figure 
13 like, 
a) Optical reflection microscope:  
Here short fiber reinforced plate is sliced in both longitudinal and transverse axis and 
measurement of semi major and minor axes of the ellipse are formed in cutting plane of 
the short fibers are measured. There by a quasi 3D reconstruction for calculating fiber 
cross-sectional area 
b) Confocal laser scanning microscopy:  
Optical sectioning is done to follow a selected semi-ellipse for a typical distance of 20µm 
into the material. The displacement from the center of the ellipse leads to the fiber 
orientation.  
c) X-ray microtomography:  
This technique allows to reconstruct the 3D space up to a volume of 20 mm3. As entire 
small volume is reconstructed we could have fiber orientation, length, curvature and fiber 
to fiber spatial statistics.  
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So, from the literature review we can clearly see that the DiFs reinforced 
composite property estimation and prediction is complex and needs to simplified at the 
same time addresses the exact behavior of DiFs. 
  
Hypothesis 
 
Nature inspired bio materials two-dimensional topology cellular structures will 
have high specific stiffness and will lead to light weight material. The two-dimensional 
topology is enhanced to a three-dimensional symmetry cellular structure, such that the 
three-dimensional cellular structure will exhibit an overall better isotropic property even 
with random distribution of the DiFs. Both the two-dimensional and three-dimensional 
topology models are optimized such that optimization should result in lower stress for 
failure and increase the stiffness and strength. From the outcome of our hypothesis, we 
should have two kind of designs: two-dimensional topology with high strength to weight 
ratio, high specific stiffness, etc. and three-dimensional topology we have design that can 
 
Figure 13. Polished cross section in the (y, z) plane [54] 
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be used in application where near to isotropic properties are needed with improved 
stiffness. 
MATERIAL AND METHODS 
The below flowchart gives an overview idea about the process that is taken in this 
research work, 
 
Once observations from nature is perceived array of cellular structures are 
referenced and CAD models of the structures are recreated. From the array, CAD model, 
 
Figure 14. Flow chart of development of a cellular structural composites. 
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specific building block i.e. RVE is chosen and its CAD model is prepared for the 
simulation. Now the chosen REV will be characterized with material properties from 
DiFs. Finite element simulations are run on characterized cellular structures and is further 
optimized for better stiffness. And the finalized design will be realized through AM 
process. The real-world design model is tested and result will be compared against the 
simulation and suitable changes and future work are established.  
Fusion Deposition Molding 
 
For a three-dimensional symmetrical cellular structure the conventional composite 
manufacturing process like Resin Transfer Molding (RTM), Vacuum Assisted Resin 
Transfer Molding (VARTM), Resin Film Infusion (RFI), Injection and Compression 
Molding, Filament Winding methods are tedious and is quite tough to manufacture these 
designs. The easiest and simplest way to manufacture this is through AM process. And 
Filament Deposition Molding in AM process is chosen as the SDSU additive 
manufacturing lab facilities this technology. The below picture show the image of carbon 
fiber reinforce 3D printed specimen. 
 
 
Figure 15. Infill pattern for varying Fill density [55] 
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Material options within the 3D printing space have expanded quite significantly 
over the past a few years, as companies have begun to realize that the potential that 3D 
printing provides and the practicality behind the technology are limited by the materials 
currently available. Recent reports identified several new carbon fiber-based materials for 
use in fused filament fabrication and fused deposition modeling (FFF/FDM) 3D printers. 
These include Ultem and PEEK FDM filaments with chopped carbon fibers [56], carbon 
fiber-reinforced PLA, ABS, and Nylon, in addition to other innovative 3D printing 
products, such as high-performance 3D printing filament made using multi-walled carbon 
nanotubes for electronics applications [57]. A few materials rang is listed below, 
Table 2. Materials used for fabricating FRC in Stereo-lithography (SL). [3]. 
Sl No Material Used 
1 
Carbon fiber, bisphenol A-epoxy, 
hydroxycyclohexyl phenyl ketone, 
lauroyl peroxide 
2 Glass fiber, acrylic-based polymer 
3 E-glas fiber, epoxy-based resin 
4 E-glas fiber, acrylic-based resin 
5 Carbon fiber, acrylic-based resin 
6 Aramid, acrylic-based resin 
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The Fill density in the 3D printing allows us to have the component fabrication 
with desired level of material and vacancy. The infill pattern selection is crucial as it 
describes the bonding structure of the component. The above figure 16 shows the 
fabrication of a 3D printed car and we could notice some two-different infill pattern. 
Most of infill patterns available in current use are 2D symmetrical. This obviously results 
in the high strength in the third perpendicular direction. The cellular structure that’s 
developed in this study can be used as an infill such that we can have more 
customizations and with a three-dimensional infill pattern for having a closer isotropy 
and light weight for the 3D printed component is a step moving further. Some common 
infill pattern with varying fill density are shown below. 
 
Figure 16. A picture from local motors showing the fabrication of the 3D pinted car [58] 
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Scientist has also discovered that the change in infill pattern inspired form bone 
has lightweight and has high strength to weight ratio compared to traditional infill. The 
different infill pattern that are used are shown below. 
 
 
Figure 17. Infill pattern for varying Fill density [59] 
 
Figure 18. Infill pattern inspired from bone [60] 
23 
Homogenization Theory 
 
A cellular structure is designed and various property like Young’s Modulus, 
Poisson’s ratio, and Shear modulus is estimated for the cellular structure. A said earlier 
cellular structure is the basic skeletal structure over which the desired model is built in 
3D printing. Homogenization theory allows us to have a small repeatable representative 
volume of the chosen cellular structure and various simulations are done for that volume 
element. 
  The advantage of having the homogenization theory saves a lot of computation 
time, cost of having higher version software. Since the discretization of the whole model 
in-to Finite Element model (FE) will cost a lot of time and money [61]. Thereby the 
homogenization method allows us to evaluate the effective properties of the periodic unit 
cell [62].  
Using this homogenization theory, first we calculate the properties for the bulk 
composite material. And the calculated bulk composite materials are verified with 
properties from the 3DxTech CFRPLA filament [63]. The 3Dxtech filament has been 
chosen since it has the closest length to diameter ratio. More about the this will be 
discussed in the next section Characterization of bulk composites. 
3D Tessellation 
 
A tessellation is structure that is created when a shape is repeated in a plane 
thereby having no gaps. Few three-dimensional tessellation are shown in below figure. 
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Here for trial the truncated octahedron is chosen for initial simulation. 
 
The truncated octahedron is modelled in ProE and the array is show below. 
 
Figure 19. 3D Tessellation [64] 
 
Figure 20. 3D Tessellation [65] 
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Representative Volume element 
 
Representative Volume Element (REV) is the smallest volume element that when 
repeated in all the directions in a periodic manner results in the larger structure designed. 
REV is useful in identifying and estimating the properties of the larger structure. In our 
case RVE is cellular structure which is under a study. An example of the larger structure 
and its REV is shown below, 
 
Figure 21. Array of truncated octahedron 
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 Here our representative element for the truncated octahedron structure shown in 
figure ranging from 25-28 for different volume occupant percentage. 
 
 
Figure 22. A composite stucture with semi-circular fibers and matrix 
 
Figure 23. REV of above larger structure  
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Figure 24. REV of solid block 100% occupied 
 
Figure 25. REV of truncated octahedron 73% occupied 
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Figure 26. REV of truncated octahedron 65% occupied 
 
Figure 27. REV of truncated octahedron 55% occupied 
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CHARACTERIZATION OF BULK COMPOSITES 
Visualization of manufacturing process 
 
The key for having a proper computer model is to understand the manufacturing 
process thoroughly and recreate the details in the simulated model. The DiFs are feed to 
the flowing polymer from a hopper/funnel inside the single or twin scroll extruder. The 
slurry of resin and fiber is heated in different stages and passes through rollers. The 
molten liquid slurry gets its shape of a filament as it comes out from the single or twin 
scroll extruder. As discussed in the literature review, under a simple shear force the fiber 
tend to align itself in following direction. And the orientation of the DiFs depend on the 
aspect ratio and volume percentage by which it is occupied. 
 
Figure 28. REV of truncated octahedron 45% occupied 
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Modeling methodologies 
 
For characterizing discontinuous carbon fiber reinforced bulk composites, two 
different approaches have been developed. The approach that we postulate here is so 
called two-step approach. In the first step, unidirectional (1D) random fibers were 
generated in a composite solid model, as shown in below figure 27-a, and the tests of 
tension/compression and shearing by computer modeling were conducted to extract the 
properties of the unidirectional fiber reinforced composites. In the second step, a 
composite solid model was generated and meshed in which each element represented an 
element of composites reinforced with unidirectional randomly oriented fibers generated 
by Monte Carlo method referred in figure 29-b and with the composite properties 
characterized from step one, as shown in below figure. The same tests of 
tension/compression and shearing by modeling were conducted to extract the properties 
of a bulk composites reinforced with 3D random discontinuous carbon fibers. The other 
approach is so called one-step approach, in which a 3D random fibers were directly 
generated in a bulk composite solid model represented in figure 30 a & b. The results 
from one-step approach is used to validate the two-step approach. as shown in below 
figure and material properties were extracted from the tests of tension/compression and 
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shearing by modeling.
 
 
 
Figure 29. Two-step approach for bulk composite characterization: (a) step one: 
unidirectional fiber distribution, and (b) step two, elements with 3D random fiber 
distribution by Monte Carlo method. 
 
Figure 30. One-step approach for bulk composite characterization: (a) 3D random fiber 
distribution, and (b) bulk composite 3D model 
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Computer model generation 
 
As the short fibers are feed into the extruder, the fibers will be dispersed and 
randomly aligned. A unit cell dimensions is chosen to accommodate appropriate fiber 
weight percentage. For ease in modelling and meshing the short fibers are designed to 
have squared cross section rather than a circular cross section. The key configuration 
used for various approaches are listed below, 
Table 3. Summary of fiber configurations that are used in study 
Approach L/d Ratio 
1D Modeling  
(Uni-directional 
fibers) 
8.86 
17.7 
Two Step 
8.86 
17.7 
One Step 
9.45 
18.9 
3D Experiment 21.4 
 
The specifics, like length to diameter ratio of short fiber is taken to be 8.86 for 
two step approach, and 9.45 for one step approach.  The circular diameter of 11.284µm 
and length 100µm.  Whereas the equivalent squared area is 100µm2, with a single side of 
10µm. All parameters are defined as variables such that various sizes could be 
experimented. The flow chart of the modelling is shown below,  
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Figure 31. Flow chart of development of random fiber placement pattern inside a bulk 
material 
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Fiber definition 
 
The fibers are generated in such a way that the generated random numbers are in 
x, y, z direction will be center of the cuboid. The range of the x, y, z directions are shown 
below,  
In x: x - r < x < x + r 
Similarly, in y: y - r < y < y + r 
Similarly, in z: z – l/2 < z < z + l/2, where r, l are the radius and length of fiber 
respectively. 
 
This unique definition of fiber aids us to have computations for various 
arrangements whether two fibers intersect, chop the fiber when it goes out of the unit cell, 
etc. 
 
 
 
Figure 32. Fiber Definition 
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Random Number generation 
 
Random number generation is a key step in our simulation. The random number 
in three directions define each of the fibers center as given by above definition.  The 
random numbers are generated by the linear congruential generator, which is given by, 
$%& = '$ + )*   
Then the generated number of $%& are normalized for the unit cell dimensions in 
respective axis. The other way of getting the random numbers is using rand() function in 
ANSYS APDL. This function will let us to have a random number for an interval 
between two points.  
The generated random numbers for each direction is given below in form of scattered 
plot. Here plot shows the distribution of random numbers with x axis being the count of 
how many random numbers and Y axis being the dimension in specified axis. Here in 
below plots the x axis will be 200 which indicates that we have 200 random numbers and 
Y axis will hold the dimension for an axis for each of 200 numbers.  
For example, the generated random numbers for each direction is given below,  
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Figure 33. X coordinate described by random numbers 
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Figure 34. Y coordinate described by random numbers 
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Model simulation 
 
The ANSYS workbench is used to for modelling the 3D volume, mesh and test 
the boundary conditions.  
Some of work progress in generation of fiber and matrix volume is shown below, 
 
Figure 35. Z coordinate described by random numbers 
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Figure 36, 37 show the line plot the fiber and matrix material. From the above 
figure, it very clear that the fiber generation is randomly spread and the fiber at the end of 
the REV boundary are chopped. The chopped fibers are encircled for identification 
purpose. 
 
 
Figure 36. Line view of the REV with random distribution of SF in matrix – Front View 
39 
 
 
 
Figure 37. Line view of the REV with random distribution of SF in matrix – Isometric View 
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From the above figure 38, it very clear that the matrix material serves as the 
pocket holes to accommodate the short fibers. The holes are encircled for the 
identification purposes. 
 
Figure 38 Volume plot of the REV with matrix material only  
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The above figure shows the random distribution of the short fiber in all the 
directions 
 
Figure 39. Volume plot of the fibers only 
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Figure 40. Volume plot of the fibers only – Front View 
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A brick mesh using the element SOLID 185 is shown for the generated fibers. 
 
A model for PLA reinforced Carbon Fiber  
 
A model with carbon fiber and PLA as matrix has been chosen and we have 
calculated material properties like Young’s modulus and Poisson’s ratio for all three 
directions.  A tetrahedron element was chosen with 10 nodes using SOLID187 in 
ANSYS. The aspect ratio and the fiber definition has been defined in the above sections. 
The individual properties of the chosen polymer and carbon fiber is shown below, 
  
 
Figure 41. View showing the meshing of the fiber materials 
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Table 4. Properties of the individual Carbon Fiber and PLA Polymer resin used to 
construct bulk material model 
Property 
Type 
PLA 
Polymer 
Carbon 
Fiber 
Ex 
2.865e3 
GPA 
22.4e3 GPA 
Ey 22.4e3 GPA 
Ez 250e3 GPA 
Gxy 
1.053e3 
GPA 
8.3e3 GPA 
Gyz 22.1e3 GPA 
Gxz 22.1e3 GPA 
νxy 
0.36 
0.35 
νyz 0.027 
νxz 0.027 
 
All the fibers are oriented towards the z direction therefore x, y being transverse 
direction. 
The below series of pictures show various stages involved in the model simulation, 
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Above figure shows the volume plot of REV containing both the fibers and matrix 
materials.  From this figure, we could clearly see that many of the fibers are chopped at 
the edges of REV. This adaptation has enabled us to have a model close to the reality.  
 
 
Figure 42. Volume plot of the REV with fibers and matrix 
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Figure 43. Line plot of REV showing the randomly distributed fibers 
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From above figure we could see that each fiber is distinct and randomly placed 
inside the matrix material. The randomness is more important as it is an influential 
parameter. If the randomness is not good, then we will have our properties absurd and 
weird.  
 
Figure 44. Volume plot of the random fibers 
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Figure 45. Volume plot of the matrix 
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Figure 46. Volume Mesh of REV with elements 
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Figure 47. Material plot of REV clearly distinguish fiber material from the matrix material 
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CHARACTERIZATION OF CELLULAR COMPOSITES 
Identification of RVEs 
 
RVEs are useful in identifying and estimating the properties of the larger cellular 
structural composites. A brief explanation is given in the materials and methods section 
above. The RVEs which are considered for the study are modeled in CAD and then the 
RVEs are selected. The following pictures shows the selected natural material with the 
corresponding CAD model and followed with the RVEs of those sections. 
 
 
(a)                                                                         (b) 
 
                              (c)                                                          (d) 
Figure 48. (a) Honeycomb, (b) 2D hexagon model, (c) REV for Honeycomb and (d) REV 
Honeycomb with fillet 
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The cuttlefish bone pattern is known for its high strength light weight cellular 
structure. Hence cuttlefish bone pattern is modeled with the aid of the journal article, 
“Cuttlebone: Characterization, Application and Development of Biomimetic Materials” 
[23] as shown,  
 
 
Figure 49. (d) Image based finite element modelling for homogenization  
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(a)                                                                       (b) 
           
                       (c)                                                          (d) 
Figure 50. (a) Cuttlefish bone, (b) 2D cuttlefish bone model (c) REV for cuttlefish bone and 
(d) REV for cuttlefish bone with fillet 
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(a)                                                                                         (b) 
    
                            (c)                                                                             (d) 
Figure 51. (a) 3D truncated octahedron, (b) 3D truncated octahedron model, (c) REV of truncated 
octahedron model and (d) ) REV of truncated octahedron model with fillet 
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For evaluating the structural performance and material properties of the RVEs of 
the cellular structural composites, the material properties of the bulk composites must be 
first characterized and input into the characterization procedures of the RVEs of the 
cellular structural composites by modeling. 
 
Characterization of RVEs by modeling 
 
Based on the characterization results of the bulk composites, the material 
properties of the RVEs of the cellular composites can be predicted in the similar way, 
considering the fiber volume fraction, fiber aspect ratio, and fiber orientation formed in 
the 3D printing fabrication of the product. The following pictures demonstrate the 
volume plot and mesh for the corresponding volume plot the one of the 2D hexagonal 
topology model under study, 
 
 
Figure 52. Volume plot of the 2D hexagonal array  
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RESULTS 
Properties from bulk composites 
 
Here we will discuss two major results which compromises of Simulation and 
experimental process. The first set of results summarizes the property estimation from 
one step and two step approach. These results will give us the very good insight of agile 
two step approach could be used in place of a stiff one step approach without sacrificing 
much of an overall understanding about the bulk material. The key results are 
summarized below are for bulk material properties of PLA base resin reinforced with 
15% by volume of discontinuous carbon fibers (DiCFs) are listed in below table, 
 
 
Figure 53. Volume Mesh of 2D hexagonal array  
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Table 5. Young's moduli of bulk composites reinforced with 15 vol% DiCF (z-axis: fiber 
direction for unidirectional fiber composites) 
Approach 
Fiber L/d 
ratio 
Ex 
(GPa) 
Ey 
(GPa) 
Ez 
(GPa) 
Avg. E 
1D Modeling 8.86 4.081 4.115 13.21   
(Unidirectional  random fibers) 17.7 4.158 4.172 23.22   
3D Modeling 8.86 5.231 5.238 4.673 5.047 
(Two step: Unidirectional 
random fibers +3D Monte 
Carlo) 
17.7 6.026 6.028 5.132 5.728 
3D Modeling 9.45 5.391 5.187 5.098 5.226 
(One step: 3D random fibers) 18.9       5.931 
3D Experimental by 3D printing 
(printing in +/-45 degree) 
21.4       4.711 
 
The above predicted properties are under the assumption that carbon fibers having 
transversely isotropic properties. The modeling results are compared with the 
experimental testing results using the 3D printing technique, test specimens were printed 
in ± 45° printing direction alternatively. For 3D random fiber models, due to the frictional 
fiber interaction induced in the one-step model, the bulk composite properties by the one-
step approach is slightly higher than the results by the two-step approach. Due to the 
imperfection of the printing specimens, Young's modulus of the specimens by 3D 
printing is lower than the results by modeling on the idealized condition.  Therefore, the 
results clearly state that the two step approach can be used in place of one step approach 
to estimate the properties of the composite bulk material. 
For further investigation of the properties of the bulk composite specimens 
prepared by 3D printing, compression and tension tests in printing direction and 
transverse to the printing direction have been conducted for PLA polymer and carbon 
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fiber reinforced PLA (CFRPLA) composites based on the relevant ASTM standards [66], 
as shown in below Figs. 52 and 53, and results are listed in Table 6. 
 
 
 
 
 
 
Figure 54. Tensile tests on bulk composites in printing direction and transverse to the 
printing direction: (a) PLA polymer, and (b) CFRPLA composites 
 
Figure 55. Compression tests on bulk composites in printing direction and transverse to the 
printing direction: (a) PLA polymer, and (b) CFRPLA composites 
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Table 6. Bulk material properties by testing (15% DiCF in volume) 
Ex (GPa) Fiber/printing direction 
Tensile test 
  
Compression test 
No PLA CFRPLA No PLA CFRPLA 
1 3.219 7.424 1 2.476 4.296 
2 3.099 7.756 2 2.543 3.902 
3 3.193         
Avg. 3.17 7.59 Avg. 2.509 4.099 
Ey (GPa) Transverse to fiber/printing direction 
Tensile test 
  
Compression test 
No PLA CFRPLA No PLA CFRPLA 
1 3.244 3.716 1 2.029 1.932 
2 3.228 3.743 2 1.773 2.038 
Avg. 3.236 3.729 Avg. 1.901 1.985 
 
As the DiF composite filament used in 3D printing, the DiFs were aligned 
primarily along the printing path, as shown in below figure 56. From the microscopic 
images, it is very clear that the printing is essentially the fiber direction for the 
composites reinforced by DiFs. 
 
 
Figure 56. Digital microscopy images of carbon fiber orientations in 3D printed specimens: 
(a) along printing direction, and (b) transverse to the printing direction 
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It was found that the printing directions also refer to the fiber direction for DiF 
reinforced composites, and load types (tensile or compressive load) have great effects on 
the bulk composites stiffness. Tensile stiffness (Young's modulus), either for the case of 
PLA or CFRPLA, are much higher than that of the compressive stiffness, and material 
stiffness in printing direction has higher stiffness than that in transverse to the printing 
direction. However, there is no significant difference in tensile stiffness between printing 
direction 
 
Properties from Cellular Structures 
 
The modeling results of 2D hexagon model, 2D cuttlefish bone model, and 3D 
octahedron model with CFRPLA composites and under the assumption of random fiber 
distribution in the matrix are shown considering the sharp edge and fillets in the corners 
of the designed topologies. Each REV is taken and a fillet is used to smooth all the edges 
and influence of the fillet is studied. Theoretical an introduction of fillet reduces the 
maximum stress value and thereby reducing the ability to fail and in turn increases the 
strength of REV.  The below figures show REVs with and without fillet which are taken 
into study.  
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(a)                                                              (b) 
Figure 57. Design of a two-dimensional hexagonal array topology: (a) without fillet, and (b) 
with fillet. 
 
(a)                                                              (b) 
Figure 58. RVEs of the 2D hexagonal topology: (a) without fillet, and (b) with fillet. 
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The Young’s modulus in the thickness direction, Ez, for the 2D model increases 
linearly as volume occupied increases, as shown in Figs. 61(a) and 62(a), since the cross-
sectional area perpendicular to the load/thickness direction, i.e., the area of the plane, is 
                          
(b)                                                                        (b) 
Figure 59. RVEs of the 2D Cuttlefish topology: (a) without fillet, and (b) with fillet. 
 
(c)                                                              (b) 
Figure 60. RVEs of the 3D Truncated Octahedron topology: (a) without fillet, and (b) with 
fillet. 
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proportional to the volume occupied due to the 2D nature. The planar Young’s moduli, 
Ex and Ey, for the 2D model are slightly nonlinearly increase as the volume occupied 
increases, as shown in Figs. 61(b) and (c), 62(b) and (c). This is due to the dimensional or 
configurational non-similarity and the influence from the fiber orientation within these 
geometries. Since the total height, width, and thickness are the same for all the RVEs, 
and the higher the volume occupied, the wider the beams of the RVEs are, i.e., the 
geometries are not similar as the volume occupied changes, resulting in a non-similarity 
between the changes of the RVEs’ beams cross-sectional areas (i.e., the changes of the 
volume occupied) and the changes of the RVEs’ beams configurations/dimensions. The 
slight nonlinearity relations of Young’s moduli vs. volume occupied are also presented in 
the 3D octahedron model due to the same reason of the non-similarity, as shown in Fig. 
63. The optimized designs with fillets improved the planar stiffnesses for the 2D models 
(as shown in Figs. 61(b) and (c) and 62(a) and (b)) and all of the three directional 
stiffnesses for the 3D model (as shown in Fig. 63), and reduced the maximum von Mises 
stress in the structures (as shown in Fig. 64). It also showed that the cuttlefish bone 2D 
model has higher planar stiffnesses than that of the hexagonal 2D model due to its 
structural uniqueness, especially in y-axis (vertical direction) which is the result of 
evolution for cuttlefishes to take the high pressure in the deep sea. The honeycomb 
hexagon model is the result of evolution for bees to maximize the space usage while 
maintaining certain stiffness. 
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(a) 
 
(b) 
 
(c) 
Figure 61. Young’s modulus for hexagon 2D model: (a) Ez (thickness), (b) Ex (planar), and 
(c) Ey (planar). 
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(a) 
 
(b) 
 
(c) 
Figure 62. Young’s modulus for cuttlefish bone 2D model: (a) Ez (thickness), (b) Ex 
(planar), and (c) Ey (planar). 
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(a) 
 
(b) 
 
(c) 
Figure 63. Young’s modulus of 3D octahedron model: (a) Ex, (b) Ey, and (c) Ez. 
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(a) 
 
(b) 
 
(c) 
Figure 64. Von Mises stress of 3D octahedron model: (a) by X-axis tensile test, (b) by Y-axis 
tensile test, and (c) by Z-axis tensile test. 
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VERIFICATION 
For validating the modeling approach adopted for cellular structure design, 3D 
printing was used to fabricate 2D hexagon specimens with PLA and CFRPLA materials, 
and microscope images of the specimens are shown in below figure, 
 
In-plane compression tests were conducted for the 2D hexagon specimens with 
PLA and CFRPLA materials, as shown in Fig. 66, and failure sliding bands were found 
along the diagonal of the specimens. The typical cellular structural composites' stress-
strain curves from compression tests were shown in Fig. 67. It shows that PLA and 
CFRPLA have similar compressive stress-strain pattern. However, PLA specimens have 
higher ultimate strength, lower Young's modulus, and better ductility (plasticity) than that 
of the CFRPLA specimens. The testing and modeling data of Young's modulus, 
considering the fiber orientation in the specimens fabricated by 3D printing are listed in 
Table 7. The in-plane stiff nesses in X and Y directions for the same material and same 
volume occupied fraction are different due to the asymmetric topology in nature, and the 
 
Figure 65. 3D printed 2D hexagon samples: (a) PLA, and (b) CFRPLA 
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in-plane stiffness of the CFRPLA is higher than that of the PLA in the same direction and 
same volume occupied fraction due to the reinforcement of the carbon fibers in CFRPLA. 
The higher the volume occupied the higher the stiffness is. The Young's moduli of 
CFRPLA by modeling are higher than that by experiment and the error percentage for 
CFRPLA between modeling and experiment are higher than that for PLA. This is due to 
the facts that in modeling, the solid model is perfectly built layer by layer without 
bonding issue and void, and carbon fiber oriented perfectly as defined by the 3D printing 
path, while the specimens fabricated by 3D printing have some bonding and contact 
surface issues (voids) during layer by layer printing process (see Fig. 65(b), comparing 
with Fig.65(a)), and the fiber orientations could not exactly follow the printing path due 
to the mesh limitation as well as the fiber’s certain randomness in the printing process, as 
shown in Fig. 56(a). In addition, the volume fraction occupied for modeling are 0.7% to 
2.8% higher than those of the specimens for the experiments, see Table 7. 
 
 
Figure 66. Compression tests for hexagon model in Y-axis (vertical): (a) PLA, and (b) 
CFRPLA 
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Table 7. Compressive Young’s modulus (GPa) of the hexagon structures by testing and 
modeling 
 
 
Volume Direction 
PLA CFRPLA 
Experiment, 
GPa 
Simulation, 
GPa 
Difference 
Experiment, 
GPa 
Simulation, 
GPa 
Difference 
(Deviation, 
GPa /vol%) 
(vol%) % 
(Deviation, 
GPa /vol%) 
(vol%) % 
50% 
Volume 
Occupied 
Ex 
0.455 0.461 
1.32% 
0.588 0.7245 
23.20% 
(0.0083/52.6%) -51.50% (0.0523/50.0%) -51.50% 
Ey 
0.505 0.55 
8.91% 
0.622 0.86 
38.30% 
(0.0783/51.2%) -51.50% (0.0262/50.8%) -51.50% 
80% 
Volume 
Occupied 
Ex 
1.291 
1.299 
(80.9%) 
0.62% 
1.6 1.855 
15.90% 
(0.0455/81.0%) (0.0688/78.9%) -80.90% 
Ey 
1.493 1.436 
3.80% 
2.046 2.018 
1.37% 
(0.0205/80.0%) -80.90% (0.0014/78.1%) -80.90% 
 
(a)                                                                  (b) 
Figure 67. Stress and strain curve from compression tests for hexagon model of 50% volume 
occupied: (a) PLA, and (b) CFRPLA 
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To verify our hypothesis that the, bio materials inspired two-dimensional topology 
cellular structures will have high specific stiffness and will lead to light weight material 
design and three-dimensional topology will have a more distributed isotropic behavior, 
considered topology models are evaluated with respect to its density. This will provide us 
a normalized platform where we can compare and infer the topology outcomes. Below 
tables 8, 10, 11 lists estimated properties considering the material density.     
Table 8. Summary of the specific stiffness for considered designs in thickness direction 
(Ez – Young’s Modulus in Z direction for the 2D and 3D Topology) 
Design Material 
Occupied 
Volume 
% 
Density 
ρ 
(g/cm3) 
E  
(GPa) 
Specific 
Stiffness 
E/ρ (106m2s-2) 
√E/ρ 
(106m2s-2) 
Bulk 
Material 
PLA bulk 100.000 1.190 2.865 2.408 1.422 
CFRPLA* 
bulk 
100.000 1.073 4.711 4.390 2.023 
3D Tuncated 
Octahedron 
Topology 
CFRPLA 
74.900 0.804 3.401 4.232 2.295 
66.890 0.718 2.797 3.897 2.330 
57.400 0.616 2.185 3.548 2.400 
46.300 0.497 1.574 3.168 2.525 
2D Cuttlefish 
Bone 
Topology 
CFRPLA 
74.070 0.795 4.243 5.339 2.592 
66.090 0.709 3.786 5.339 2.744 
56.510 0.606 3.238 5.339 2.967 
46.090 0.495 2.641 5.340 3.286 
2D 
Hexagonal 
Topology 
CFRPLA 
80.000 0.858 4.661 5.430 2.515 
70.000 0.751 4.075 5.425 2.688 
60.300 0.647 3.506 5.419 2.894 
50.200 0.539 2.912 5.406 3.168 
Bulk 
Material 
Aluminum 100.000 2.700 69.000 25.556 3.077 
Steel 100.000 7.9±0.15 200.000 25.316 1.790 
Titanium 
alloys 
100.000 4.500 112.5±7.5 25.000 2.357 
Diamond 
(C) 
100.000 3.530 1220.000 345.609 9.895 
Note: * Carbon fiber average diameter of 7 µm, average length of 150 µm, and aspect ratio of 21.4. 15 
vol% CF for CFRPLA;  
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Table 9. Summary of the specific stiffness for considered designs in planar direction  
(Ey – Young’s Modulus in Z direction for the 2D and 3D Topology) 
Design Material 
Occupied 
Volume 
% 
Density 
ρ 
(g/cm3) 
E  
(GPa) 
Specific 
Stiffness 
E/ρ (106m2s-2) 
√E/ρ 
(106m2s-2) 
Bulk 
Material 
PLA bulk 100.000 1.190 2.865 2.408 1.422 
CFRPLA* 
bulk 
100.000 1.073 4.711 4.390 2.023 
3D Tuncated 
Octahedron 
Topology 
CFRPLA 
74.900 0.804 3.401 4.232 2.295 
66.890 0.718 2.797 3.897 2.330 
57.400 0.616 2.185 3.548 2.400 
46.300 0.497 1.574 3.168 2.525 
2D Cuttlefish 
Bone 
Topology 
CFRPLA 
74.070 0.795 4.243 5.339 2.592 
66.090 0.709 3.786 5.339 2.744 
56.510 0.606 3.238 5.339 2.967 
46.090 0.495 2.641 5.340 3.286 
2D 
Hexagonal 
Topology 
CFRPLA 
80.000 0.858 4.661 5.430 2.515 
70.000 0.751 4.075 5.425 2.688 
60.300 0.647 3.506 5.419 2.894 
50.200 0.539 2.912 5.406 3.168 
Bulk 
Material 
Aluminum 100.000 2.700 69.000 25.556 3.077 
Steel 100.000 7.9±0.15 200.000 25.316 1.790 
Titanium 
alloys 
100.000 4.500 112.5±7.5 25.000 2.357 
Diamond 
(C) 
100.000 3.530 1220.000 345.609 9.895 
Note: * Carbon fiber average diameter of 7 µm, average length of 150 µm, and aspect ratio of 21.4. 15 
vol% CF for CFRPLA;  
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Table 10. Summary of the specific stiffness for considered designs in planar direction  
 (Ex – Young’s Modulus in Z direction for the 2D and 3D Topology) 
Design Material 
Occupied 
Volume 
% 
Density 
ρ 
(g/cm3) 
E  
(GPa) 
Specific 
Stiffness 
E/ρ (106m2s-2) 
√E/ρ 
(106m2s-2) 
Bulk Material 
PLA bulk 100.000 1.190 2.865 2.408 1.422 
CFRPLA* 
bulk 
100.000 1.073 4.711 4.390 2.023 
3D Tuncated 
Octahedron 
Topology 
CFRPLA 
74.900 0.804 3.360 4.180 2.281 
66.890 0.718 2.771 3.861 2.319 
57.400 0.616 2.158 3.504 2.385 
46.300 0.497 1.549 3.117 2.505 
2D Cuttlefish 
Bone 
Topology 
CFRPLA 
74.070 0.795 3.355 4.221 2.305 
66.090 0.709 2.779 3.919 2.351 
56.510 0.606 2.205 3.637 2.449 
46.090 0.495 1.646 3.329 2.594 
2D 
Hexagonal 
Topology 
CFRPLA 
80.000 0.858 3.585 4.176 2.206 
70.000 0.751 2.728 3.632 2.199 
60.300 0.647 1.997 3.087 2.184 
50.200 0.539 1.325 2.460 2.137 
Bulk Material 
Aluminum 100.000 2.700 69.000 25.556 3.077 
Steel 100.000 7.9±0.15 200.000 25.316 1.790 
Titanium 
alloys 
100.000 4.500 112.5±7.5 25.000 2.357 
Diamond 
(C) 
100.000 3.530 1220.000 345.609 9.895 
Note: * Carbon fiber average diameter of 7 µm, average length of 150 µm, and aspect ratio of 21.4. 15 
vol% CF for CFRPLA;  
From the above tables, comparing the specific stiffness and √E/ρ values of the two-
dimensional hexagonal topology and cuttlefish topology has higher performance than of 
its corresponding bulk material in Ez and Ey direction. Similarly, the three-dimensional 
topology of truncated octahedron has more distributed isotropic behavior in all three 
directions and is exceeding the performance of bulk material for √E/ρ, this is important 
parameter in aerospace industry as weight saving are important. To note that the three-
dimensional topology of truncated octahedron is still under performing than its 
corresponding bulk material with respect to specific stiffness. Design iterations can be 
done such that we could end up in having the properties higher than its bulk material and 
this is future work for this thesis. 
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Table 11. Summary of the specific Young's modulus for some materials 
Material 
Density 
ρ 
(g/cm3) 
E  
(GPa) 
E/ρ 
(106m2s-
2) 
E/ρ2  
(103m5kg-
1s-2) 
E/ρ3  
(m8kg-
2s-2) 
√E/ρ 
(106m2s-
2)  
PLA bulk 1.19 2.865 2.408 2.023 1.7 1.422 
CFRPLA* 
bulk 
1.073 4.711 4.39 4.092 3.813 2.023 
2D 
hexagon 
PLA (51.2 
vol%) in-
plane X-
axis** 
0.609 0.505 0.829 1.36 2.233 1.167 
2D 
hexagon 
PLA (52.6 
vol%) in-
plane Y-
axis** 
0.626 0.455 0.727 1.161 1.856 1.078 
2D 
hexagon 
CFRPLA 
(50.8 
vol%) in-
plane X-
axis** 
0.545 0.622 1.141 2.093 3.84 1.447 
2D 
hexagon 
CFRPLA 
(50.0 
vol%) in-
plane -
axis** 
0.537 0.588 1.096 2.043 3.808 1.428 
2D 
hexagon 
CFRPLA 
(50.8 
vol%) in-
plane Y-
axis** 
0.545 0.622 1.141 2.093 3.84 1.447 
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2D 
cuttlefish 
bone PLA 
(51.3 
vol%) in-
plane X-
axis *** 
0.61 0.829 1.358 2.224 3.643 1.493 
2D 
cuttlefish 
bone PLA 
(51.3 
vol%) in-
plane Y-
axis *** 
0.61 1.47 2.408 3.944 6.461 1.988 
2D 
cuttlefish 
bone 
CFRPLA 
(51.3 
vol%) in-
plane X-
axis *** 
0.61 1.926 3.155 5.168 8.466 2.275 
2D 
cuttlefish 
bone 
CFRPLA 
(51.3 
vol%) in-
plane Y-
axis *** 
0.61 2.939 4.814 7.886 12.92 2.810 
3D 
Octahedron 
PLA (51.9 
vol%) X-
axis *** 
0.617 0.923 1.496 2.424 3.929 1.557 
3D 
Octahedron 
PLA (51.9 
vol%) Y-
axis *** 
0.617 0.853 1.383 2.241 3.633 1.497 
3D 
Octahedron 
PLA (51.9 
vol%) Z-
axis *** 
0.617 0.943 1.529 2.477 4.015 1.574 
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3D 
Octahedron 
CFRPLA 
(51.9 
vol%) X-
axis *** 
0.556 1.853 3.331 5.988 10.76 2.448 
3D 
Octahedron 
CFRPLA 
(51.9 
vol%) Y-
axis *** 
0.556 1.682 3.023 5.433 9.766 2.333 
3D 
Octahedron 
CFRPLA 
(51.9 
vol%) Z-
axis *** 
0.556 1.88 3.379 6.073 10.92 2.466 
Aluminum 2.7 69 26 9.5 3.5 3.077 
Steel 7.9±0.15 200 25±0.5 3.2±0.1 0.41±0.02 1.790 
Titanium 
alloys 
4.5 112.5±7.5 25±2 5.55±0.35 1.23±0.08 25.000 
Diamond 
(C) 
3.53 1,220 346 98 28 9.895 
Note: * Carbon fiber average diameter of 7 µm, average length of 150 µm, and aspect ratio of 21.4. 15 
vol% CF for CFRPLA; ** Experimental testing data;  
 
The experimental and modeling data, and the data of some popular materials are 
summarized in Table 4, and considering the contribution of the material density (ρ), the 
specific stiffness (Young’s modulus over density, E/ρ), square root of young’s modulus 
to density (√,/ρ* are also listed in the table. The 2D cuttlefish bone model has higher 
values of planar values of E, E/ρ, E/ρ2, E/ρ3 and √,/ρ than that of the 2D hexagon 
model, respectively. The 3D octahedron model has higher values of E, E/ρ, E/ρ2, E/ρ3 
and √,/ρ in all three directions than that of the 2D hexagon model, respectively. These 
density related Young’s moduli of the 2D cuttlefish bone model in Y-axis direction is 
higher than that of the CFRPLA bulk composites, which is the result of evolution for 
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cuttlefishes to take high pressure in the deep sea. The 2D cuttlefish bone model and the 
3D octahedron model have the potential to be optimized for better performance. 
 
CONCLUSION 
Cellular structural composite product design can be inspired by biomimetics. Bulk 
composites can be evaluated based on homogeneity combined with Monte Carlo method. 
Cellular structural composites can be characterized based on representative volume 
elements (RVEs). The material properties can be predicted by conducting 
tensile/compression and shearing tests on the RVE of the cellular composites based on 
the bulk composite material properties predicted from the above steps. The cuttlefish 
bone 2D model has higher planar stiff nesses than that of the hexagon 2D model, 
especially in the vertical direction which is the result of evolution for cuttlefishes to take 
high pressure in deep sea. 3D topological models have overall better behavioral 
properties than the 2D topological model. 3D cellular composite product can be realized 
and fabricated by 3D printing. Optimization of topological model through fillet is simple 
and very effective in improving the performance like stiffness, Young’s modulus and 
drastically lowers the failures stress, Von Mises stress. Fillets in the structure design can 
improve the stiffness and lower the Von Mises stress of the cellular structures. From 
specific stiffness and √,/ρ values it is very clear that the light weight material saving 
design is possible to model and realize such that they can offer a better property than 
traditional bulk composites at much lower weight.  
Further work could be done by developing algorithm for 2D and 3D cellular 
structural composites; optimizing the design by sensitivity analysis of the topologies; 
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refining the modeling techniques by considering tension-compression asymmetry 
material model, material nonlinearity, large strain and large deformation, and buckling 
and failures, extending the approach for different fibers like glass fiber, Kevlar fiber. And 
much should be attributed to realization of topological models through advance 
fabrication process, improving the 3D printing quality. 
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